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STAR-FORMING GALAXIES AT Z ~ 2: A MAJOR SCIENCE CASE FOR 

THE EMIR/GOYA SURVEY ON GTC 
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RESUMEN 

El resumen sera traducido al espanol por los editores. We present the first results of a project aiming 
to derive the physical properties of high-rcdshift lensed galaxies, intrinsically fainter than the Lyman break 
galaxies currently observed in the field. From FORS and ISAAC spectroscopy on the VLT, we use the full rest- 
frame UV-to-optical range to derive the physical properties (SFR, extinction, chemical abundances, dynamics, 
mass, etc) of low-luminosity z ~ 2 star-forming galaxies. Although the sample is still too small for statistical 
studies, these results give an insight into the nature and evolutionary status of distant star-forming objects 
and their link with present-day galaxies. Such a project will serve as a basis for the scientific analysis of the 
EMIR/GOYA survey on the GTC. 

ABSTRACT 

We present the first results of a project aiming to derive the physical properties of high-redshift lensed galaxies, 
intrinsically fainter than the Lyman break galaxies currently observed in the field. From FORS and ISAAC 
spectroscopy on the VLT, we use the full rest-frame UV-to-optical range to derive the physical properties (SFR, 
extinction, chemical abundances, dynamics, mass, etc) of low-luminosity z ~ 2 star- forming galaxies. Although 
the sample is still too small for statistical studies, these results give an insight into the nature and evolutionary 
status of distant star-forming objects and their link with present-day galaxies. Such a project will serve as a 
basis for the scientific analysis of the EMIR/GOYA survey on the GTC. 
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1. MOTIVATIONS 

Obtaining statistically significant samples of 
galaxies, from the local Universe to the highest 
redshifts, is mandatory to constrain the models of 
galaxy formation and evolution. Large spectroscopic 
samples of galaxies at all redshifts have become avail- 
able during the last ten years, thanks to massive sur- 
veys in the different rest-frame wavelength domains 
(e.g. Lilly ct al. 1995; Stcidel ct al. 1996, 1999, 2004; 
Colless et al. 2001; Pettini et al. 2001; Schneider et 
al. 2003). The evolution of the physical properties 
of galaxies function of redshift is particularly 
important for galaxies at z >1, a redshift domain 
where galaxies are expected to be strongly affected 
by merging or assembly processes. 

In this context, massive clusters acting as Gravi- 
tational Telescopes (GTs) constitute a powerful tool 
to study the high-rcdshift Universe. They have been 
successfully used over a wide range of wavelengths, 
ranging from the UV to the sub-mm (e.g. Pello et 



1 Laboratoirc d'Astrophysique dc Toulouse et Tarbes, 
Toulouse, France 

institute of Astronomy, Cambridge, UK 

3 California Institute of Technology, Pasadena, USA 



al. 2003 and references therein) and allowed recently 
the detection of the most distant galaxies known so 
far (z > 7; Pello ct al. 2004; Kneib ct al. 2004; sec 
also the contribution by R. Pello in these proceed- 
ings). The large magnification factors of galaxies 
that are close to the critical lines (typically 1 to 
3 magnitudes) can be used to probe the physical 
properties of intrinsically faint high-redshift galax- 
ies, which would otherwise be beyond the limits of 
conventional spectroscopy (e.g. Ebbels et al. 1996; 
Pello et al. 1999, Pettini et al. 2000, Mehlert et al. 
2001). 

The recent development of near-IR (NIR) spec- 
trographs on lOm-class telescopes has allowed the 
study of the rest-frame optical properties of high- 
redshift galaxies. Indeed, NIR spectroscopy allows to 
access the most relevant optical emission lines (Ha, 
H/3, [On] AA3726,3728, [Om] AA4959,5007, etc), in 
order to probe the physical properties of galaxies 
(SFR, reddening, chemical abundances, kinematics, 
virial mass, etc), all the way from the local universe 
to z ^4, using the same parameter space and indica- 
tors. The pioneering work by Pettini and collabora- 
tors (1998, 2001) has shown that the rest-frame opti- 
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cal properties of the brightest Lyman break galaxies 
(LBGs) at z ~ 3 are relatively uniform. A new sam- 
ple of 16 LBGs at 2 < z < 2.6 has been recently 
published by Erb et al. (2003) and, in this case, 
significant differences are found in the kinematics of 
galaxies at z ~ 2 compared to z ~ 3. 

However, the current studies of the high-redshift 
Universe are limited to the most luminous/massive 
galaxies (M B < -22). Moreover, the 1.5<z<2.5 
redshift interval (the so-called "rcdshift desert") re- 
mains relatively poorly known because of the lack of 
strong spectral features that can be used to identify 
sources at such rcdshift. We thus started, about two 
years ago, an observational program to perform a 
detailed study of the physical properties for a sig- 
nificant sample of amplified high-redshift galaxies 
by using the full rest-frame UV/optical spectral fea- 
tures (observed in the optical/NIR domains respec- 
tively) in order to build a comprehensive picture of 
the nature of the low-luminosity galaxy population 
at z > 1.5. 

In this paper, we present the first results obtained 
on three galaxies at z ~ 2 from our ongoing spectro- 
scopic program with FORS and ISAAC on the VLT 
(Lemoine-Busscrolle ct al. 2003, 2004; Le Borgnc et 
al. 2004). Our ultimate objective is to obtain rest- 
frame UV and optical spectroscopy for a sample of 
~ 15 gravitationally amplified high-redshift galaxies 
to study their physical properties. This project can 
be considered as a pilot program for the future NIR 
multi-object spectrograph EMIR on GTC. 

2. PHYSICAL PROPERTIES FROM THE 
REST-FRAME UV-TO-OPTICAL SPECTRA 

Both rest-frame UV (Leborgne ct al. 2004; 
Lemoine-Busscrolle ct al. 2004) and rest-frame op- 
tical (Lemoine-Busserolle et al. 2003, 2004) spectra 
have been obtained on three lensed galaxies at z ~ 2 
using FORS and ISAAC respectively on the VLT. 

Examples of YHK-b&nds ISAAC spectra are 
shown in Fig. 2] for the z = 1.87 lensed galax- 
ies S2 and A2 located behind the massive cluster 
AC 114 (z = 0.31). Relatively long integration 
times (typically 3-5 hours per band) are manda- 
tory to get high enough S/N ratios. The brightest 
rest-frame optical emission lines ([On] AA3726,3728, 
[O III] AA4959,5007, and Ha) are clearly detected and 
measured in these spectra, as well as in the spectrum 
of the giant blue arc (z = 2.24, hereafter C12244- 
gA) located behind the lensing cluster CI 2244-02 
(z = 0.33). H/3 emission-line is not seen in these 
spectra as it falls at the blue edge of the H band. 
The [N n] A6584 is detected only in the spectrum of 



A2; an upper limit for the flux of this line has been 
derived for A2 and C12244-gA. Measuring this nitro- 
gen line is very important to break the degeneracy 
between the oxygen abundance O/H and the strong 
emission-line intensity in order to get an accurate 
value of the metallicity. The analysis of rest-frame 
optical emission lines is fully described in Lemoine- 
Busserolle et al. (2003). We have been able to de- 
rive accurate measurements of the oxygen abundance 
O/H (as indicator of metallicity), the nitrogen-to- 
oxygen abundance ratio N/O, the SFR from Ha lu- 
minosities, and the virial masses from the FWHM 
of the brightest emission lines ([Om] AA4959,5007, 
and Ha). Moreover, thanks to the gravitational am- 
plification, the line profiles of S2 are spatially re- 
solved, leading to a velocity gradient of ±240 km 
s" 1 , which yields a dynamical mass for this galaxy 
of ~ 1.3 x 10 10 M within the inner 1 kpc radius 
(Lemoine-Busserolle et al. 2003). 

The rest-frame UV spectra of two lensed galax- 
ies are shown in Leborgne et al. (2004) for S2 
and Lemoine-Busserolle et al. (2004) for C12244-gA. 
These spectra have been mainly used to constrain 
i) the age od the star-forming events by a detailed 
model fit of the Civ A1550 and Siiv AA1527,1533 
lines, ii) the overall dust extinction using the ob- 
served SED (rest-frame UV-to-optical range) and the 
latest version of the Bruzual & Chariot (2003) pop- 
ulation synthesis models, and iii) an independant es- 
timate of the (stellar) metallicity using both the UV 
continuum slope and the strength of the interstellar 
absorption lines. 

All the relevant physical parameters of the three 
lensed galaxies, derived from both the rest-frame UV 
and optical spectra, are summarized in Table ^ 

3. THE NATURE OF HIGH-Z GALAXIES 

In Figure [21 we examine the location of high- 
redshift galaxies in the N/O versus O/H relationship. 
The behavior of N/O with increasing metallicity of- 
fers clues about the history of chemical evolution of 
galaxies and the stellar populations responsible for 
producing oxygen and nitrogen. The sample of high- 
redshift [z > 2) galaxies with measured N/O abun- 
dances is still very small: the three galaxies from 
this paper, and MS 1512-cB58 at z ~ 2.7 (Teplitz 
et al. 2000). Surprisingly, these four galaxies have 
very different locations in the N/O vs. O/H dia- 
gram. S2 is a low-metallicity object (Z ~ 0.04 Z Q ) 
with a low N/O ratio, similar to those derived in the 
most metal-poor nearby Hn galaxies. In contrast, 
A2 is a metal-rich galaxy (Z ~ 1.9 Z Q ) with a high 
N/O abundance ratio, similar to those derived in the 
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Fig. 1. The extracted one-dimensional Y, H, and K band spectra of AC114— S2 (left) and AC114— A2 (right) taken 
with the ISAAC spectrograph on the VLT. The dashed line shows the 1 a error spectrum. Spectra have been smoothed 
to the instrumental resolution. 

TABLE 1 

PHYSICAL PARAMETERS OF Z ~ 2 LENSED GALAXIES 



Galaxy 


z 


M B 


12 + log(0/H) 


log(N/0) 


E(B-V) 


Age 


a 














[mag] 


[Myr] 


[km s- 1 ] 


[10 10 M ] 


AC114-S2 


1.87 


-20.60 


7.25 ±0.2 


< -1.32 


0.2 


7±2 


55 ±6 


0.53 ±0.12 


AC114-A2 


1.87 


-19.80 


8.94 ±0.2 


-0.42 ±0.2 


0.4 




105 ±15 


2.36 ±0.67 


C12244-gA 


2.24 


-21.80 


8.27 ±0.4 


< -0.68 


0.0 


10- 15 


32 ±8 


(0.32 ±0.16) 



most metal-rich massive SBNGs. The position of MS 
1512-cB58 and CL2244-gA is intermediate between 
these two extremes showing abundance ratios typical 
of low-mass SBNGs and intermediate-rcdshift galax- 
ies (see also Lemoine-Busscrolle ct al. 2003, 2004). 
A natural explanation for the variation of N/O at 
constant metallicity is the time delay between the 
release of oxygen and that of nitrogen into the ISM 
(e.g. Contini et al. 2002, and references therein), 
while maintaining a universal IMF and standard stel- 
lar nucleosynthesis. The "delayed-release" model as- 
sumes that star formation is an intermittent process 
in galaxies and predicts that the dispersion in N/O 
is due to the delayed release of nitrogen produced 
in low-mass longer-lived stars, compared to oxygen 
produced in massive, short-lived stars. Following 
this hypothesis and new chemical evolution models 
(Mouhcinc & Contini 2002), we might interpret the 
location of S2 and A2 in the N/O versus O/H dia- 
gram in terms of star formation history and evolu- 



tionary stage of these galaxies. The low O/H and 
N/O abundance ratios found in S2 might indicate 
a relatively young age for this object which experi- 
enced two or three bursts of star formation at most 
in the recent past. A2 seems on the contrary much 
more evolved. The location of this galaxy in the 
N/O versus O/H diagram indicates a relatively long 
star formation history with numerous powerful and 
extended starbursts. 

We can study the evolution with redshift of the 
fundamental scaling relation between galaxy lumi- 
nosity and metallicity. For nearby galaxies, this rela- 
tion extends over ~ 10 magnitudes in luminosity and 
~ 2 dex in metallicity (Lamareillc et al. 2004 and 
references therein). From Figure|3| it is immediately 
obvious that high-redshift galaxies do not conform 
to today's luminosity-mctallicity relation. Even al- 
lowing for the uncertainties in the determination of 
O/H, high-redshift galaxies have much lower oxy- 
gen abundances than one would expect from their 
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Fig. 2. Nitrogen-to-oxygen abundance ratio as a function 
of oxygen abundance. The location of the three z ~ 
2 galaxies: S2, A2 in AC 114 and the giant blue arc 
in CI 2244, is shown with (filled squares) and without 
extinction correction (empty squares). Two comparison 
samples of nearby star-forming galaxies are shown (see 
Contini et al. 2002 for references): starburst nucleus 
galaxies (dot - short dash line) and Hn galaxies (short 
dash - long dash line). The position of the Sun, LMC, 
SMC, and the bright lensed galaxy MS1512-cB58 is also 
indicated. 

luminosities. This result, already revealed by pre- 
vious studies (e.g. Pettini et al. 2001; Contini et 
al. 2002), is secured with the addition of the low- 
luminosity and low-metallicity galaxy S2. One inter- 
pretation of this result is that high-rcdshift galaxies 
are undergoing strong bursts of star formation which 
raise their luminosities above those of nearby galax- 
ies with similar chemical composition. Another pos- 
sibility is that the whole metallicity-luminosity re- 
lation is displaced to lower abundances at high red- 
shifts, when the Universe was younger and the time 
available for the accumulation of the products of stel- 
lar nucleosynthesis was shorter. It should be possible 
to quantify this effect by measuring metallicities in 
samples of galaxies at different rcdshifts. Unfortu- 
nately, to date there is no sample of galaxies with 
known chemical abundances to fill the gap between 
z ~ 0.5 and z ~ 2. The location of A2 is more sur- 
prising. It does not follow the trend of high-rcdshift 
objects. Instead, it lies on the luminosity-metallicity 
relation of nearby objects and has the highest metal- 
licity of any high-redshift (z > 2) galaxy. 
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Fig. 3. Oxygen abundance as a function of B-band abso- 
lute magnitude, showing the location of the three z ~ 2 
galaxies: S2, A2 in AC 114 and the giant blue arc in CI 
2244, with (filled squares) and without extinction cor- 
rection (empty squares). The metallicity-luminosity re- 
lation derived for ~ 6400 nearby (z < 0.15) starburst 
galaxies from the 2dFGRS (Lamareille et al. 2004) is 
shown as a solid line (the dashed lines indicate the typ- 
ical dispersion). The location of high-redshift (z ~ 3) 
Lyman break galaxies (LBGs) is shown as a green box 
encompassing the range of O /H and Mb derived for these 
objects by Pettini et al. (2001). 



In Figure 01 we plot the oxygen abundance 
against the linc-of-sight velocity dispersion (tr) for 
high-rcdshift galaxies and other relevant samples 
of nearby galaxies. This diagram corresponds to 
a crude mass-metallicity sequence. The location 
of AC114-A2 is fully compatible with that of low- 
redshift galaxies. However, the oxygen abundance 
of AC114-S2 is much smaller than the correspond- 
ing value for low-z galaxies of similar velocity dis- 
persions. The situation is even more dramatic if we 
consider the velocity gradient derived under the disk- 
like rotation curve hypothesis (see previous section). 
Taken at face value, it would appear that the slope of 
the mass-metallicity relation for galaxies with z > 2 
is different from that of low-z galaxies. The behav- 
ior of C12244-gA in this diagram is peculiar; it seems 
that we are observing a nearly face-on "disky" galaxy 
as supported by its extinction close to zero and the 
very low value of a, which would, in this case, not 
be a good tracer of its dynamics. 
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Fig. 4. Oxygen abundance as a function of the line-of- 
sight velocity dispersion (a), showing the location of the 
three z ~ 2 galaxies: S2, A2 in AC 114 and the giant blue 
arc in CI 2244, with (filled squares) and without extinc- 
tion correction (empty squares) . We show for comparison 
samples of nearby galaxies together with their linear fit 
(see Lemoine-Busserolle et al. 2003 for references). The 
location of high-redshift (z ~ 3) Lyman break galaxies 
(LBGs) is shown as a blue box encompassing the range 
of O/H and a derived for these objects by Pettini et al. 
(2001). 

4. IMPLICATIONS FOR EMIR/GOYA PROJECT 

We have presented in this paper the firsts results 
of our optical/NIR spectroscopic survey of highly 
magnified high-redshift galaxies in the core of lensing 
clusters, 1 — 2 magnitudes fainter than the LBGs in 
the field. The results obtained on the physical prop- 
erties of these galaxies suggest that high-z objects of 
different luminosities could have quite different star 
formation histories and hence different evolutionary 
status. However, the number of well observed high- 
z objects is currently very small and larger samples 
in both redshift (1.5 < z < 6) and luminosity arc 
required. This will be achieved with the new genera- 
tion of multi-object NIR spectrographs for the 10m- 
class telescopes, such as EMIR on the GTC. One 
of the main objectives of the GOYA survey is indeed 
to statistically study the physical properties of z ~ 2 
galaxies. 
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